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ABSTRACT 

A novel β-type titanium alloy Ti–29Nb–13Ta–4.6Zr (TNTZ) has been developed and extensively researched to achieve highly 
desirable mechanical properties such as a high strength while maintaining a low Young’s modulus that is close to that of bone, 
as an alternative candidate for conventional titanium metallic biomaterials such as Ti-6Al-4V ELI. Therefore, strengthening by 
grain refinement and increasing dislocation density is expected to provide TNTZ high mechanical strength while keeping a low 
Young’s modulus because they keep the original β phase. In this case, severe plastic deformation, such as high-pressure torsion 
(HPT) processing, is a potential treatment for obtaining these properties. Furthermore, HPT processing is effective for 
producing ultrafine-grained TNTZ having high dislocation density in single β structure. The obtained promising results, which 
are a tensile strength of around 1100 MPa and a Young's modulus of around 60 GPa, motivated that the above mentioned 
mechanical properties can be achieved by microstructural refinement through HPT processing However, the mechanism of 
microstructural refinement is unclear for TNTZ during HPT processing. Therefore, the aim of this study is to investigate 
microstructural changes of TNTZ through HPT processing by X-ray diffraction analysis and transmission electron microscopy. 
The microstructures of TNTZ subjected to cold rolling (TNTZCR) and HPT processing (TNTZHPT) comprised single β grains; 
however, the intense β {110} peak reveals that the preferred orientation is β <110> for TNTZHPT. While the microstructure of 
TNTZCR shows a comparatively high dislocation density (2.3 x 10

16
 m

-2
), HPT processing leads to a drastic accumulation of 

dislocations (5.3 x 10
16

 m
-2

 in dislocation density). Dislocations in the microstructures of TNTZHPT are well arranged for the cell 
wall and/or subgrain boundaries, with a stronger dipole character than random distribution. The dislocation density, 
arrangement parameter and crystallite diameter (around 11 nm) of TNTZHPT saturate from the center to the peripheral region of 
a coin shaped specimen at N = 20. Therefore, such a microstructural saturation in a specific strain inducing, N = 20, suggests a 
threshold for further investigation of β-type titanium alloys. Copyright © 2014 VBRI press.  
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Introduction  

An excellent combination of great strength and low 
Young’s modulus has been aimed for metallic materials 

used in structural implants that replace hard tissue [1]. 
When Young’s modulus of the metallic implant and that of 
the bone are different, stress transfer becomes non-
homogeneous between a metallic implant and a bone. 
Moreover bone atrophy is likely to occur and can lead to 
loosening of the metallic implant and re-fracturing of the 
bone by stress shielding effect which stimulation of stress 
towards the bone is reduced when the metallic implant has 
much higher Young’s modulus such as 110 GPa for Ti-6Al-

4V (Ti64) ELI [2, 3] than that of bone (10–30 GPa) [1]. 
A novel β-type titanium alloy, Ti–29Nb–13Ta–4.6Zr 

(TNTZ), with a low Young’s modulus (~60 GPa)
 
[2], 

relatively closer to that of bone (10–30 GPa) as compared 
with conventional titanium biomaterials such as Ti64 ELI, 

has been developed [4]. Microstructural features, including 
grain size, the state of grain boundaries, and lattice defects, 
play a major role in improving the desired balance between 
strength and Young’s modulus of TNTZ. However 
conventional process such as solution treatment (ST), cold 
rolling (CR), aging treatment (AT) are not sufficient to 
achieved a great strength while maintaining low Young’s 

modulus as compared with Ti64 ELI (Fig. 1)[2].  

Recently, severe plastic deformation (SPD) [5] such as 

high-pressure torsion (HPT) [6] is a proven technique for 
inducing a very intense plastic strain to form a 
microstructure composed of ultrafine-grained (100–500 
nm) or nanostructured (<100 nm) grain in metallic 
materials. The basic principle of HPT processing is that a 
bulk material is deformed by a very intense torsional strain 
without introducing any significant changes in the overall 
dimensions of the work-piece. Such metallic materials show 
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great mechanical strength as compared that of the coarse 

grained materials [5, 6].  
 

 
 

Fig. 1. Tensile strengths and Young’s moduli of TNTZ subjected to 
solution treatment (ST), cold rolling (CR), aging treatment (AT), HPT 
processing, and Ti64 ELI. 

 
In order to obtain the desired mechanical properties, 

microstructural refinement of TNTZ using HPT processing 

has been studied [7]. It is found that HPT processing is 
effective for producing ultrafine-grains in a single β 

structure of TNTZ [7]. Furthermore, such TNTZ subjected 
to HPT processing shows a remarkable mechanical 
biocompatibility; which is a high mechanical strength 
(around 1100 MPa) and while maintaining a low Young’s 

modulus (around 60 GPa) (Fig. 1) [8]. However, the 
mechanisms of dislocation generation and microstructural 
refinement are unclear for β-type titanium alloys having 
BCC structure during HPT processing even though it is 
extensively investigated and clearly shown for FCC metals 

such as Al [9], Ni [10], Cu [11] and their alloys. Therefore, 
It has been aimed to clear microstructural refinement 
mechanism of TNTZ through HPT processing that it can 
shed light on further investigations for β-type titanium 
alloys and relatively BCC metals in order to improve theit 
mechanical, physical and chemical properties. Therefore, 
the microstructure of TNTZ subjected to HPT processing 
has been investigated using X-ray line profile analysis, and 
transmission electron microscopy in this study. 
 

Experimental 

Material 

The chemical composition of the hot-forged Ti-29Nb-
13Ta-4.6Zr (TNTZ) bar, which was maintained from Daido 

Steel Company, used in this study is shown in Table 1.  
 
Material preparation 

TNTZ bar with a length of 50 mm and a diameter of 25 mm 
was subjected to solution treatment at 1063 K for 3.6 ks 
under vacuum followed by water quenching. And then, 
solutionized TNTZ bar was cold rolled to plates with a 

thickness of 0.85 mm by a reduction ratio of more than 
80% (TNTZCR). Finally, the TNTZCR plates were machined 
into coin-shaped specimens with a thickness of 0.85 mm 
and a diameter of 20 mm for high-pressure torsion (HPT) 
processing.  

 
Table 1. Chemical composition of Ti-29Nb-13Ta-4.6Zr (TNTZ). 

 

Elements Nb Ta Zr C N O H Fe Ti

Mass [%] 28.6 12.3 4.75 0.02 0.01 0.09 0.04 0.22 bal.

 

 
HPT processing  

The coin-shaped specimens of TNTZCR were subjected to 
HPT processing (TNTZHPT) using a pair of anvils, which 
the lower anvil of HPT machine was rotated for numbers 
(N) of 20 at a rotational speed of 0.2 rpm under a pressure 
of about 1.25 GPa at room temperature (298 K). The 

equivalent strain, εeq, is given by the following equation [6]: 
 

     (1) 
 
where r is the distance from the specimen center, π is the 
ratio of the circumference of a circle to its diameter, and t is 
the specimen thickness. Hereafter, each coin-shaped 
specimen of TNTZCR subjected to HPT processing is 
referred to as TNTZHPT.  
 
Material characterization 

The microstructures of TNTZCR and TNTZHPT were 
examined by X-ray diffratometry (XRD) and transmission 
electron microscopy (TEM). The phase constitution was 

analyzed by XRD using Cu-K radiation with a voltage of 
40 kV and a current of 40 mA for TNTZCR and TNTZHPT 
respectively in the center (R0), the half-radius position 
(R/2), and near the edge (R) where R is the radius of the 
coin-shaped specimen.  

In addition, TEM observations were carried out with an 
accelerating voltage of 200 kV at the R/2 position on the 
cross section of the coin-shaped specimen. Details of the 
TEM sample preparation from a cross section are explained 

in a previous study [7]. For TEM observations from cross 
section, the half specimen of TNTZHPT was adhered 
between two silicon substrates by epoxy from surface and 
then cut to a thin slice as parallel to cross section near the 
diameter of TNTZHPT. It was wet polished to the thickness 
below 50 μm using water-proof emery papers of up to 
#4000 and were then buff polished to obtain the mirror 
surface by colloidal SiO2 suspension. Subsequently, a 
copper ring with 3 mm diameter was adhered on the 
polished slices at rh position by epoxy. Subsequently it was 
further thinned using a dimple grinder and an ion milling. 
 
X-ray line profile analysis (XLPA) 

The XRD profiles have been evaluated by XLPA [12] using 
the convolutional multiple whole profile (CMWP) fitting 

method [13-15]. The measured XRD profiles fitted by 
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CMWP using a convolution profile (I) of the theoretical 
profiles of size profile, Is, as a function of the size of 
crystallite, which is the smallest unit of a crystal 
aggregation, microstrain profile (Im) and the instrumental 
profile (Ii): 
 

 I = Im + Is + Ii      (2) 

 

The size profile (Is) is determined by median, m, and 
logarithmic variance, σ, of log-normal size distribution 
function. Then, the average crystallite diameter (<x>area) is 

calculated [13] as:  
 

                 (3) 
 

In addition to the size profile, the corresponding strain 
profile function (Im) used in CMWP fitting is given by its 

Fourier transform derived as [16, 17]: 
 

   (4)  
 
where g is the absolute value of the diffraction vector, L is 
Fourier variable, and < ε

2
> is mean square strain defined as: 

 

                (5) 
 
where ρ, C, b, and Re are the dislocation density, the 
contrast factor of dislocations, the absolute value of the 
Burgers vector, and the effective outer cut-off radius of 
dislocations, respectively. Also, the dislocation 
arrangement parameter (M) can be introduced by Wilkens 

et al. [17] as 
 

M = Re √ρ                                                                 (6) 
 
where Re is the effective radius of dislocations and ρ is the 
dislocation density. If the M parameter is smaller than unity 
(M << 1), then correlation between the dislocations is 
strong. On the other hand, if the value of M parameter is 
larger than unity (M >> 1), then dislocations are randomly 
distributed in grains. 

 

Results and discussion 

The microstructures of TNTZCR and TNTZHPT have been 
demonstrated by (XLPA) using CMWP fitting method. 

Figs. 2 and 3 show the measured patterns (marked by open 
circles) of TNTZCR and TNTZHPT, the patterns fitted by the 
CMWP fitting method (marked by red line), the difference 
between the measured and fitted data (marked by blue line), 
and the background baseline (marked by green line) at the 
bottom of the profiles, representatively.  

The Differences between the measured and fitted 
profiles are plotted at the bottom of the figure. TNTZCR and 
TNTZHPT comprise of a single β microstructure, as shown 

in Figs. 2 and 3. However, while the β {110} peak becomes 
more intense through HPT processing, the β {200} and β 
{211} peaks become less intense. The intense β {110} peak 

reveals that the preferred orientation is β <110> because of 
HPT processing of TNTZ. Furthermore, the XRD profile 
shows that the diffraction peaks broaden after HPT 
processing. The broadened diffraction profiles of TNTZHPT 
indicate that the microstructure is composed of very small 

grains and subgrains with relatively large microstrain [18] 
due to the accumulation of dislocations formed by HPT 

processing [6].  
 

 

 
 

Fig. 2. Measured (open circles) and theoretical fitted (red line) intensity 
profiles of TNTZCR with baseline (green line).  

 

 
 

Fig. 3. Measured (open circles) and theoretical fitted (red line) intensity 

profiles of TNTZHPT at R/2 position with baseline (green line). Differences 
between the measured and fitted profiles are plotted at the bottom of the 
figure. 

 

Figs. 4 and 5 show the dislocation characteristics such 
as density (ρ) and arrangement parameter (M), and the 
crystallite diameter (D), which indicates the diameters of 
subgrains and/or dislocation cells, estimated by CMWP 
fitting, of TNTZCR and on from R0, R/2, and R positions of 
TNTZHPT. TNTZCR exhibits a comparatively high 

dislocation density (2.3 × 10
16

 m
-2

) [19] with a dislocation 
arrangement parameter of around 0.2. The M parameter, 
which is smaller than unity, suggests that dislocations are 
well arranged for the cell wall and/or subgrain boundaries 
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by the severe cold rolling. In addition, the crystallite 

diameter is around 18 nm for TNTZCR as shown in Fig. 5.  
 

 
 

Fig. 4.  Dislocation densities (ρ) and dislocation arrangement parameter 
(M) of TNTZCR and TNTZHPT with an illustration of analyzed position on 
coin-shaped specimen. 
 

 
 
Fig. 5. Crystallite diameters of TNTZCR and TNTZHPT with an illustration 
of analyzed position on coin-shaped specimen. 

 
The HPT processing leads to a drastic increase in 

dislocation density, which indicates a very large 
accumulation of dislocations during HPT processing as 

shown in Fig. 4. The dislocations generated during HPT 
processing accumulate in grains, due to being trapped by 
some hindrances such as boundaries and other dislocations. 
Then, the further deformation leads that a large number of 
dislocations arrange to form dislocation cells surrounded by 
thick walls. At the same time, the crystallite diameter 

decreases in the  grains of TNTZHPT (Fig. 5). Eventually, 
the cell walls should evolve by totally annihilation of 
dislocations so that the fine grains forms grain boundaries 
having high angles of misorientation as deformation 

continues [10, 20]. The M parameters (around 0.24) of 
TNTZHPT suggest a strong dipole character. The dipole 
character of dislocations is usually increasing with the 
dislocation density. Therefore, the decreasing tendency of 
M parameter with increasing dislocation density indicates a 
good correlation between these two quantities. However, 

the dislocation density and crystallite diameter saturate to 
around to 5.3 × 10

16
 m

-2
 with distance from center to 

peripheral regions for N = 20, which the equivalent strain 
increases with distance from center (Eq.1). The saturation 

of dislocation density with increasing strain indicates [21] 
that, the annihilation of dislocations is more difficult and 
consequently microstructural refinement is slower and 
limited for TNTZHPT than those of some metals such as Al 

[9], Ni [10], Cu [11] and their alloys subjected to SPD 
techniques. As contrary, microstructural evolution occurs 

slowly in most of BCC metals such as Mo [22], Cr [23], 

and W [24] owing to the lower stacking fault energies. 
Therefore, higher strain should be imposed on TNTZ to 
achieve microstructural homogeneity.  

Figs. 6 and 7 show bright-field images of TNTZCR and 
TNTZHPT at R/2. Grain boundaries are well defined in the 
microstructure of TNTZCR after severe cold rolling with a 
reduction ratio of over 80%.  

 

 
 

Fig. 6. TEM bright field image of TNTZCR. 

 
It is reported that the TNTZHPT shows an ultrafine 

microstructure consisting of elongated grains with a length 
of around 300 nm and a width of around 45 nm that it can 

be also observed in Fig. 7. Furthermore, the bright field 

image of TNTZHPT at R/2 in Fig. 7 shows that subgrains 
or/and dislocation cells in grains exhibit blurred, and wavy 
boundaries. These boundaries indicates the presence of 
exterior dislocations which do not play a part in the 
formation of misorientation at boundaries of the grains and 
the subgrains or/and dislocation cells in grains of TNTZHPT. 
The exterior dislocations densities on the boundaries lead 
higher internal strain energies. Such boundaries are called 

as non-equilibrium boundaries [25, 26], which are reported 

in several HPT experiments [6, 27]. On the other hand, the 
contrast in the bright field image shows well-arranged 
dislocations for dislocation cells and subgrains. 
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Fig. 7. TEM bright field image of TNTZHPT at R/2. 

 
The hardness distributions in the radial direction on the 

surfaces and cross sections of TNTZHPT were reported in 

previous study [8]. The hardness distribution of TNTZHPT 
exhibits some variation on the surface and cross sections. 
The hardness distributions confirm that, the hardness 
increases with the distance from the center of TNTZHPT due 
to the heterogeneous microstructure of TNTZ at N < 20. 
Further, hardness distribution clearly saturates around 300 
HV at N ≥ 20. Further, the hardness of TNTZHPT in the 
central region increases subsequently, and it saturates at N 
≥ 20. These results provide clear evidence for the 
achievement of a homogeneous microstructure in TNTZHPT 
at N = 20. Furthermore, the saturations of dislocation 
density, arrangement parameter, and crystallite diameter 
(around 11 nm) exhibit homogeneity of microstructure from 
center to the peripheral region of TNTZHPT at N = 20, which 
is consistent with saturation of mechanical behaviors. 
 

Conclusion 

The microstructural evolution of –type Ti–29Nb–13Ta–
4.6Zr (TNTZ) through high-pressure torsion (HPT) 
processing for biomedical applications has been 
investigated in this study. The following results were 
obtained:  

 TNTZCR and TNTZHPT are comprised of a single β 
microstructure. However, the intense β {110} peak 
reveals that the preferred orientation is β <110> for 
TNTZ because of HPT processing.  

 The microstructure of TNTZCR shows a comparatively 
high dislocation density (2.3 × 10

16
 m

-2
). The HPT 

processing leads to a drastic increase in dislocation 
density (5.3 × 10

16
 m

-2
) due to a very large accumulation 

of dislocations.  

 Dislocations are well arranged for the cell wall and/or 
subgrains boundaries, and in a stronger dipole character 

than random distribution in the microstructures of 
TNTZCR and TNTZHPT  

 The dislocation density, dislocation arrangement 
parameter and crystallite diameter of TNTZHPT at N = 
20 are saturated from the center to the peripheral region 
of the coin shaped specimen. 
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